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Operation of two submerged-type inlets has been simulated in a 2.1- 
by 7.&inch wind tunnel at subsonic and transonic speeds. One inlet 
corresponded to a parsllel-walled submerged intake, and the other to an 
IXACA submerged inlet, a type which has divergent ramp walls. A qualita- 
tive comparison of the inlets is made on the basis of pressure recovery. 
Shadowgraphs of the ,air flow are also presented. 

The pressure recovery was relatively constant throughout the lower 
subsonic speed range. However, a sharp decrease in pressure recovery 
with the pamllel-waJ&d inlet occurred simulteseously with the appesr- 
ante of weak shock-wave disturbances at the start of the rmp. ThLS 
decrease in pressure recovery occurred at free-stream Mach numbers 
between 0.15 snd 0.82, depend- on the mass-flow ratio. With the 
divergentisU.ed inlet the correspondiug Mach nmer range was 0.90 to 
0.94, although shock waves formed along the ramp at a lower free-stream 
Mach mmiber. 

The ability of the divergent-xalled inlet to operate with satis- 
factory pressure recovery at higher free-streamMach nmibers then was 
possible with the psrallel~alled inlet is attributed to the difference 
ti the boundary-layer characteristics of the two tyIzes of inlets. 

lXTEZODUCTION 

Because mesg presentday airplaues are designed to fly in or 
through the high subsonic and trsnsonic speed range, the need for data 
on air inlets at these velocitFes has become ticreasw urgent. 
Although some data exe available on nose inlets, little research has 
been done on submerged inlets in the transonic speed range. Data 
obtained up to a Mach nuniber of 0.875 on sn NACA submerged inlet have 
shown that satisfactory air-induction characteristics could be attained 
a.t s&sonFc speeds. (See references 1, 2, and 3.) 

This report covers en investigation made in a wind tunnel to study 
the chmacteristics of submerged inlets at subsonic actd transonic speeds. 

UNCLASSIFIED 
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The inlets were placed in one wall of the wind-tunnel test section. 
Because facilities for testing at transonic speeds are limited aud the 
test- techniques are difficult, the present mans of simulating duct 
entrances has been used as an expedfent to obtaFn qualitive results. 
A  comp~ri5on is made between-two forms of the same basic submerged-type 
intake. These two inlets, one simulating an intake with parallel ramp 
waJ.ls and the other an intake with divergent rsmp walls (an NACA sub- 
merged inlet), are compared on the basis of pressure recovery. This 
study should give a better understanding of the operation of submerged 
inlets fn the transonic speed range and serve a5 a useful guide to the 
designer. 

Some design considerations .for extending the useful operating 
rauge of subnmrged Fnlets at trausonic speeds are discussed. 
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SYMBOLS 

Ths symbols used are defined as follows: 

duct-entrance area, square feet 

total pressure, pounds per square foot 

Mach number 

static pressure, pounds per square foot 

velocity, feet per second 

air density, 5lugs per cubic foot 

mass-flow ratio 

c 

E--p, 
=0-p, 

r-ecovery ratio .L ~ 

E- pressure ratio 

H 
Ho 

total pressure ratio 

The foUowIng subscripts are used in conjunction with some of the 
above syzibols: 

0 free stream 
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1 conditions 1 inch behind duct entrance 

2 condit%ons 5 inches behind duct entrsnce 

Wind Tunnel 

The investigation was conducted in a small transonic wind turns&. 
The tunnel has a closed throat and is of the nonreturn type (fig. 1). 
The 2.X- by T.&inch test section has a diverging ceiling and floor 
(2.1~inch dImnslon) vith a total eqamion angle of l.O" in the verti- 
cal plane to compensate partially for boundary-layer growth. Afr enters 
a settling chauber, flows through the tid tunnel, and f5naUy exhausts 
from the tunnel diffuser at approximately atmospheric pressure. !The air 
is pumped to the settling chamber by an aircraft centrifugal cqessor 
driven by a vsriable+peed electric motor , rated 300 horsepower at 
18,000 rpm. Control of the settling-chamber pressure, and thus of the 
tunnel velocity, was accwlished by varying the speed of the electric 
n&or. 

Models andAuxiliaryEquipment 

The installations of the two inlets in the top wall of the test 
section are shown in figures 2(a) and 2(b). Pertinent intake dimnsions 
are presented in figure 3 and provide the opt- design ascertained 
from previous tests (reference 1). The inlet entrances extended from 
wall to va3l across the 2.&-Tnch dinmnsion of the test section, and had 
a width-to-depth ratio of 4.2. Both of the inlets tested, one with 
parallel and the other with NACA divergent ramp walls, had 70 ramp 
anglee. Air entering the. submerged inlet at the lip (fig. 1) vaa 
diffused in the internal ductfng, then passed through an ASME orifice 
meter, and was fInally etiusted through a small centrifugal blover. 
!Phe quantity of flov was nvsamred by the orifice meter and was controlled 
by a throttle. The amount of air flowtbroughthe inlet, althoughaug- 
mented slightly by the blower, was limited by the pressure-recovery, 
characteristics of the duct system. Thus, the inlet with the higher 
pressure recovery at a given Mach number was tested over the greater 
range of mass-flov ratios. 

Instrumentation 

Pressure recoveries for both stimrged.inlets vere masured with E 
'T-tube totel+mssure rake installed in the duct 5 inches back of the 
lip leading edge. The rake. was mounted normal to the duct width and 
passed through the center of the duct (fig. 3). The duct height at the 
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measurement station was 0.70 inch. Because the duct height at the 
entrance was 0.50 inch, internal diffusion losses due to an area increase 
of 40 percent are included in the measurements. The pressure losses were 
measured only at the center section; consequently, for the simulated NACA 
sublmjrged inlet the losses due to turbulent mixing, as explained in 
reference 4, are not included. However, the nreasurements in this center 
plane should qualitatively indicate the inlet characteristics at high 
subsonic and transonic Mach numbers. 

Static--pressure distributions down the center line of the rsmp 
leading to the entrances were measured with flush orifices connected to 
a multiple-tube manometer. Measurenrenta for computing wind-tunnel Mach _ 
number distributions were also obtained from flush static orifices 
distributed over a steel plate mounted on one side of the test section. 
Visual flow studies were made with a schlieren apparatus and with a 
shadowgraph apparatus utilizing a Libessart spark. 

For this report, the free-stream Mach number is defined as the 
Mach number naeasured on the center of the tunnel floor one-uarter inch 
forward of ramp station 0. This location on the winddunnel floor was 
selected so that the inlet would have the least effect on the free- 
stream MBch number measurement. A direct-ad- nomographic Mach Illster, 
explained in reference 5, was used to indicate the wind--tunnel speed in 
terms of free+tream Mach nuniber. 

Both inlets were tested from 0.20 Mach number to the msximum that 
could be obtained with this wfnd tunnel. The Mach number limit was 0.94 
with the psraUel-xalled inlet, and 0.96 with the divergent-walled inlet. 
The maximumMach number attainable with the parallel-wslled inlet 
installed in the wind tuzmel was determined by power limitatfons of the 
wind-tuunel mtor-compressor unit; whereas with the divergent-walled 
inlet the limiting factor appeared to be the errtablishment of sonic 
velocity across the'wind tunnel back of ramp station 0. 

The range of mass-flow ratios varied with Mach number and inlet 
configuration. The following table indicates the mass-flow ratios that 
were obtainable during these tests: 

Mach nuciber Range of mass-flow ratio, mx/rao 
Parallel walls Divergent walls 

0.20 0 to 1.2 0 to 1.2 
:Z 0 0 to to 0.8 1.2 0 0 to to 1.2 1.0 

.80 0 to 0.8 0 to 0.8 

.90 0 to 0.2 0.4 to 0.8 
0.6 0.4 to 0.8 

mm- 0.4 to 0.8 

. 
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RESULTS 

The Mach nmiber distribution in the wind--tunnel test section, calc~+ 
la-ted from static pressures measured on one test-section wall, is shown 
in figure 4 for free-stream &ch numbers of 0.80 and 0.94 (as defined 
herein). !Phe Mach nu&er distributions are shown in this figure for the 
tunnel without Wets s.ud with the psxallel+mUed imlet installed. 

The effects of Mach nm&er on the pressure recovery for both the 
parallel- and divergent-walled Wets are given in terms of rarerecovery 
ratio in figure 5, and in terms of total-pressure ratio in figure 6. The 
variations' of ra~~~~covery ratio across the duct depth at the measurement 
station (fig. 3) for both inlets are presented in figure 7. These re 
recovemtio profiles were obtained for a mass~low ratio of 0.6 at 
Mach numbers just above and just below that at which the pressure recovery 
decreased abruptly. 

The pressure distributions along the rsmp center line of each inlet 
for several free-stream Mach numbers are presented in figure 8, and the 
corresponding Mach nu&er distributions are given in figure 9. The Mach 
nmibers were computed by assuming isentropic flow, and thus are only 
approximations, 

Shadowgraphs of the flow about the parsll.el-waUed inlet for various 
Mach numbers snd mass-flow ratios are shown in figure 10. Similar 
shadowgraphs for the d+vergent~aUed inlet are presented in figure ll. 

DISCUSSION 

WndJl'unuel Air4low Characteristics 

For free-streamMach numbers up to 0.90, the variation of Mach 
number along the wind-tunnel test section without the models instslled 
was about 1 percent. However, the deviation became greater as the Mach 
number was increased beyond 0.90. The air flow inthetunnelfinally 
choked at a free-stream Mach number, as measured at the start of the 
test sectfon, of 0.94. (See fig. 4(b).) This limitation in maximum 
free-stream Mach number for the tunnel without inlets installed is 
probably due to insufficient compensation for the displacement of the 
air streamby the boundary layer of the test section. 

In reviewing the results of this investigation, certain additional 
limitations of the experimental arrangement must be considered. The air 
flow a;bout the inlet was constrained by the wind-tunnel walls. Also, the 
ratio of the inlet area of the duct to the cross-sectional area of the 
wind tunnel was relatively large (1 to 15). Consequently, the Mach 
nuniber distribution in the test section was affected by mass-flow ratio 
(fig. k(a)). However, the data presented should be useful qualitatively. 
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Shadowgraphs with either inlet installed indicate that at Mach - 
numbers up to 0.93 the oblique shock disturbance, origiuating at the 
beginning of the test-section expansion, was weak; consequently, the 
shock is believed to have had a negligible effect on the conditions 
downstream. (See fig. IO(g).) 

Conp?srism of Pressure Recovery 

It should be remmibered that the pressure recoveries presented in 
this report were obtained. only in a line normal to the duct width and 
passing through the duct center line. The transverse. variation of 
pressure recovery has not been determined. 

. 

A significant effect of Mach-nuniber on the pressure recovery of the 
parallel-+ralled iulet was evident at Mach numbers between 0.75 aud O.&Z. 
In this Mach nuder range, for mass-flow ratios of 0.40 aud greater, the 
pressure recovery in terms of rwecovery ratio decreased s-4 with 
increasing Mach number. (See fig. 5(a).) Such a sharp decline did not 
occur with the divergent-walled inlet until a free--stream Mach nuuiber of 
0.9 was exceeded. (See fig. 5(b).) Violent wind-tunnel vibrations at 
the higher Mach numbers prevented the taking of data for mas*flow ratios 
below 0.4-O. 

The increase in magnitude of the pressure recovery at the center 
plane for the divergent-valled inlet over that obtained with the parallel- 
walled inlet, at the Mach numbers and mass-flow ratios of these tests, cau 
be attributed to the difference in the factors governing the boundary- 
layer growth along the Tax@. Measurements have shown that the bolmdary- 
layer flow xith'the divergent-wslled inlet was three+limsnsioml; conse- 
quently, its growth was less rapid than for the two-dimensional flow which 
existed with the parallelralled inlet {reference 6). However, for both 
inlets, the decrease in pressure recovery at the center section with a 
decrease of mass-flow ratio was due to a thickening of the ramp boundary 
layer. This thickening was, in turn, a consequence of increased adverse 
pressure gradients along the ramp. The pressure recoveries given in 
figures 5(a) and 5(b) are an indication of the relative boundary-layer 
thicknesses of the two types of Wets. Measurements of the velocity 
profile just behind the beginning of the parallel~alled ramp showed that 
the boundary layer was turbulent. 

It should be noted in figure y(a) that the curves showing rBTlt- 
recovery ratio for the parallel-walled iulet are extrapolated. In the 
Mach number range between 0.79 aud 0.94 the air flow in the duct was 
unstable and it was not possible to obtain consistent data in this 
ranQe. However, the pressure recovery did decrease markedly, and it was 
impossible to obtain mass-flow ratios greater than 0.20 with the test 
equipment. For a Mach number of Oi94 the air flow became steady at a 
mass-flow ratio of 0.60. 
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. 
Shadowgraph studies of the air flow with the parallel-walled inlet 

did not show the presence of strong shock waves for Mach numbers just 
before snd after the sharp decline in pressure recovery (M. about 0.75 
snd 0.82, respectively). There was evidence, however, of a shock dis-•, 
turbsnce which extended only a short distance above the ramp surface at 
the beginning of the ramp and coincided with a thickening of the bound- 
arylayer along the rw surface (figs. 10(b) and 10(d).) Figure i'(a) 
shows a decrease in pressure recovery for the psrallelralled inlet 
as the free-etreamMach number was increased from 0.76 to 0.80. At 
greater Mach numbers, visual observations of the multiple manometer 
registering the r~ressure recovery indicated the unstable nature of 
the air flow in the duct system. Visual schlieren studies showed 
boundary--r separation along the ramp for Mach numbers just greater 
than those at which the sharp decrease of pressure recovery occurred. A 
return to a more stable type of boundary-layer air flow is indicated by 
the shadowgraph for a free-&reamMach number of 0.94 (fig. LO(h)). 

The pressure-recovery characteristics of the divergent-walled inlet 
together with shadowgraphs of the air flow (figs. 5(b) and ll, respec- 
tively) indicate that the interaction of the shock wave with the 
thinner boundary layer on the ramp of the divergent-walled inlet (refer- 
ence 6) was much leas severe than the interaction of the shock wave with 
the thicker boundary layer on the parallelralled ramp. First evidence 
of a local shock-xave disturbance with the divergentialled inlet 
occurred at approximately 0.82 Mach number. However, the abrupt decrease 
in pressure recovery was delayed to a free-stream Mach number of approxi- 
mately 0.94. 

For Mach numbers of 0.94 and greater, the shadowgraphs of the flow 
with the divergent-walled inlet (fig. ll) show shock waves originating 
at two locations along the ramp, a series of oblique waves at the start 
of the ramp, snd a normal shock at about 70 percent of the ramp length. 
However, the air flow with the divergent-walled inlet, and thus presuma- 
bly the shock-wave pattern, is three-dimensional. From figure ll it 
appesrs that the normal shock wave extended between the upper edges of 
the ramp side walls. As the Mach number was increased from 0.94, this 
normal shock wave moved downstream. At the free-stream Mach number of 
0.96 and mass-flow ratios of 0.6 and 0.8, the strength of the normal 
shock wave possibly became great enough to cause separation of the r91pT23 
boundary layer and a consequent drop in rvressure recovery. The 
tendency toward separation with increasing Mach number is shown by the 
r-ecoveryqatio profiles in figure 7(b) for the Mach numbers from 
0.90 to 0.955. 

Desiepl Considerations 

It would seem probable that the transonic Mach number range for 
satisfactory operation of NACA submerged inlets could be extended. Of 
the several methods of accomplishing improved inlet performance, the 
first is concerned with consideration of the flow field into which the 
inlet is placed. 
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At moderate supersonic speeds, the local air flow over portions of 
certain body shapes can be at a lower Mach number than the free stream. 
For a conical body, reference 7 has shown that, depending on the cons 
&ngle, subsonic flow can exist on the surface of a cone even though the 
free-stream Mach number exceeds 1.0. Therefore, it would seem that the 
shape of the fuselage and the location of the inlet on the fuselage 
might be selected so that the effect of the reduced Mach number at the 
fuselage surface could be used advantageously to extend the transonic 
operation of submerged inlets. 

Modification of the inlet itself might also prove beneficial, snd 
a second method of extension might be the positioning of the normal 
shock wave forward along the ramp. The shock wave would then occur i 
over a smaller percentage of the inlet width, and the amount of air 
with reduced pressure taken into the duct would be correspondingly less. 
Since the ramp boundary layer is thinner at the forward position, the. 
interaction between this boundary layer and the shock wave would be less 
severe. 

Boundary-layer control by slots or porous suction might also mini- 
mize the boundary-layer-shock-wave interaction. 

CONCLUDING RkWTEKS 

A qualitative comparison of-two types of subplerged inlets at a&- 
sonic and transonic Mach numbers has shown that the pressure recovery 
for the parallel-walled inlet decreased abruptly at Mach numbers between 
0.75 and 0.82, depending on the mass-flow ratio. The corresponding Mach 
number range for the divergent-walled inlet was 0.90 to 0.94. 

The increase in Mach number for satisfactory pressure recovery with 
the divergent-walled inlet is attributed to a less severe interaction 
between the shock waves and the rsmp boundary layer. The thinner bound- 
ary layer of the tbree-dimsnsional flow on the divergent+&,led inlet 
apparently has less tendency to separate under adverse pressure gradients 
than has the thicker boundary layer in the-two-dimensional flow of a 
parallel-walled inlet. 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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%igure l.- General view of the Z!.l- by 7.kinch wind tunnel. 
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(a) Parallel-walled Ililet. (b) Dlvergent+mU.d inlet. 

Figure 2.- WinGtunnel test section with tits inetalled. 
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section. 
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(a) s = 0.75; z p 0.8. (b) s = 0.80; e = 0.6. 

(cl M$ 0.82; y$ = 0.2. (a) hfo= 0.82; : = 0.6. v 
A-14019 

FQpre lO.- 
Inlet. 

Shadowgraphs of the air flow along the ramp of the pamllel~ed 
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(63) q = 0.93; 2 (-teaa. (h) I& = 0.94; z = 0.6. - 
A-14018 

Figure lo.- Concluded. 





(a) iq, = 0.900; 2 = 0.6. 

(c) Id,-, = 0.92; 2 = 0.8. 

(b) ‘do = 0.90; f$ a 0.8. 

A-14020 

Figure Ill.- 
inlet. 

Shadowgraphs of the air flaw dongthe ramp of the divergen~d 
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(e) M, - 0.94; z = 0.6. 

(g) ~0 = 0.96; z = 0.6. 

Figure ILL.- concluded. 
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